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datasets	 characterized	 by	 contrasting	 densities	 and	 rates	 of	 identification	 of	
marked	 individuals.	 According	 to	 the	 simulations,	 accuracy	 increases	 with	 the	
number	 of	marked	 individuals	 (m),	 but	 is	 less	 sensitive	 to	 changes	 in	 individual	
identification	 rate	 (δ).	 In	our	case	studies	of	 red	 fox	density	estimation,	we	ob‐
tained	a	posterior	mean	of	1.60	(standard	deviation	SD:	0.32)	and	0.28	(SD:	0.06)	
individuals/km2,	 in	high	and	 low	density,	with	an	 identification	rate	of	0.21	and	
0.91,	respectively.
4.	 This	 extension	 of	 Gen‐SMR	 is	 broadly	 applicable	 as	 it	 addresses	 the	 common	
problem	 of	 incomplete	 identification	 of	 marked	 individuals	 during	 resighting	
surveys.
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derived	 from	 the	 location	 of	 the	 activity	 center	 of	 each	 animal	 in	
relation	to	each	trap	or	detection	device.	Another	limitation	of	stan‐
dard	CR	methods	is	that	they	cannot	be	used	for	density	estimation	









point	 process	models	 used	 to	make	 inferences	 about	 the	 abun‐
dance	 and	 distribution	 of	 animal	 activity	 centers	 (Efford	 et	 al.,	
2004;	 Royle	 et	 al.	 2014).	 SCR	models	 allow	 for	 inference	 about	












do	 not	 have	 individually	 recognizable	 natural	 or	 artificial	marks,	
making	it	impossible	to	develop	the	capture	histories	required	by	
SCR	models.





(Chandler	&	Royle,	 2013;	 Sollmann,	Gardner	 et	 al.,	 2013).	 If	 some	
individuals	require	artificial	marks	for	 identification,	SMR	methods	
require	 a	 live‐trapping	 period	 for	 tagging,	 and	 a	 subsequent	 sam‐





ber	of	 spatial	 recaptures	 (captures	of	 the	same	animal	 in	different	
traps)	is	insufficient.	Using	telemetry	is	common	in	field	studies,	and	







cess	 describes	 the	 distribution	 of	 the	 marked	 individual,	 thereby	




of	 identifying	 marked	 individuals	 with	 certainty	 during	 resighting	















2  | MATERIAL S AND METHODS
2.1 | Model
The	 partial	 identification	 extension	 that	 we	 propose	 for	 general‐












process	model	with	N	 latent	activity	centers	s1,s2,…,sN	 in	 the	state	
space	(S).	If	density	can	be	assumed	to	be	constant	across	S,	the	ac‐
tivity	centers	follow	a	uniform	distribution,	si ~ Unif(S).
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2.1.2 | Marking process

















The	model	 is	based	on	 the	use	of	 the	 following	data	 from	 the	 re‐






unmarked	individuals.	Population	estimate	is	N = m + U.
The	model	for	complete	histories	from	all	marked	individuals	is	
yfull	~Poisson(λij)	with:




total	 encounter	 histories	 on	marked	 individuals	 yfull: ym	 ~Binomial	
































































































The	 state	 space	was	 defined	 as	 the	 spatial	 region	 S	 including	 the	
population	 of	 interest	 large	 enough	 to	 ensure	 that	 the	 encounter	








2014).	 The	 size	 (M)	 of	 the	 augmented	 population	 must	 be	 much	
larger	than	N	to	not	affect	the	posterior	distribution	of	N.	For	each	of	
the	M	 individuals,	 the	 latent	variable	z	 indicates	whether	 the	 indi‐























individuals.	 In	 the	 simulation,	 every	marked	 individual	was	GPS‐

















Complete	 details	 of	 the	 R	 and	 JAGS	 code	 and	 data	 simulator	
for	 fitting	 the	 Gen‐SMR‐ID	 model	 are	 in	 Supporting	 Information	
Appendix	S1.
3  | APPLIC ATION TO A RED FOX 
EMPIRIC AL DATA SET
3.1 | Methods
We	 demonstrate	 the	 use	 of	 the	 Gen‐SMR‐ID	model	 to	 deal	 with	
incomplete	marked	 individual	 identification,	using	a	red	fox	Vulpes 
vulpes	 (hereafter,	 fox)	empirical	dataset.	The	fox	 is	the	most	wide‐
spread	terrestrial	carnivore	mammal	species	and	is	distributed	across	
the	entire	northern	hemisphere	(Macdonald	&	Reynolds,	2004).	It	is	
a	 generalist	 and	opportunistic	 predator,	 including	 a	wide	 range	of	




of	 conservation	 concern	 (Bolton,	 Tyler,	 Smith,	 &	 Bamford,	 2007;	
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two	grids	of	live	traps	(Collarum©)	and	camera‐traps	in	two	areas	of	
Ciudad	Real	 (Central	 Spain).	 La	Nava	 (Almagro	municipality)	 study	
area	was	covered	by	a	mixture	of	Mediterranean	scrubland,	sparse	
patches	of	holm	oak	Quercus ilex	subsp.	rotundifolia	and	cereal	fields,	
with	 a	 high	 density	 of	 European	 rabbit	Oryctolagus cuniculus. The 
study	area	was	14.66	km2,	defined	by	the	envelope	around	detector	
devices.	The	other	study	area,	Los	Pilones	(Abenojar	and	Saceruela	
municipalities)	 was	 covered	 with	Mediterranean	 dense	 scrub	 (i.e.,	
gum	rockrose	Cistus ladanifer)	with	a	scanty	rabbit	population.	The	
study	area	around	detector	devices	was	23.26	km2.
Live	 traps	were	 baited	with	 a	 commercial	 Collarum	 attractant	
with	pork	and	chicken	bait	plus	lynx	urine	(collected	from	captive	lynx	
breeding	facilities)	and	were	checked	every	morning.	Captured	foxes	




commercial	 ear	 tag	 (3.4	×	3.2	cm)	 (Cromasa®,	 Berriozar,	 Navarra,	
Spain)	and	an	ear	tag	specifically	designed	for	red	fox	(6.8	×	3.2	cm)	
(Maquia	Serveis	Ambientals®,	Alcoi,	Alicante	Spain).









distance	 to	 the	nearest	neighboring	camera‐traps	was	133.8	m.	 In	
Los	Pilones,	we	used	33	camera‐traps	over	63	days	(12	March	2016	
to	13	April	2016)	with	a	mean	distance	to	the	nearest	neighboring	
trap	 of	 387.8	m	 (Supporting	 Information	Appendix	 S2).	 Those	 dis‐
tances	 are	 below	 the	 σ	 value	 reported	 for	 fox	 (Jiménez,	 Nuñez‐
Arjona	et	 al.,	 2017)	 allowing	 spatial	 correlation	between	captures.	
Camera‐traps	were	 placed	 at	 sites	 suitable	 to	 detect	 animals	 and	
were	baited	with	red‐legged	partridge	(Alectoris rufa)	eggs.	Cameras	
were	 visited	 approximately	 every	 7	days	 to	 replace	 the	 bait,	 per‐










Pictures	 for	which	we	could	not	distinguish	whether	 an	 individual	
was	marked	were	discarded.
GPS	radio‐collars	were	scheduled	to	take	one	position	per	hour	
during	 the	 night	 and	 one	 location	 every	 2	hr	 during	 the	 day.	GPS	
collars	 weighed	 163	g	 plus	 42	g	 for	 the	 optional	 drop‐off	 release	
mechanism.	The	drop‐off	system	was	used	only	on	heavier	foxes	so	
that	the	total	device	 (collar	+	drop‐off)	was	always	 lighter	than	5%	







We	 used	 a	 Uniform	 (0,	 1)	 prior	 for	 baseline	 detection	 rate	 in	 the	









The	number	of	marked	 individuals	 (m)	 used	was	 the	 total	 cap‐
tured	in	the	marking	process	for	which	GPS	devices	indicated	that	
they	 were	 alive	 during	 the	 resighting	 process.	 Capture	 histories	




ual	×	occasion)	with	one	 for	 live	occasions	 and	 zero	when	we	had	
evidence	that	the	animal	was	dead.
After	the	first	trial,	we	settled	on	M	=	150	for	data	augmentation.	














visual	 detectability	 is	 very	 high	 due	 to	 nearly	 no	 scrub	 cover	 and	
high	 fox	density.	However,	 line	 transects	 in	Los	Pilones	prevented	
the	application	of	distance	 sampling	methodology:	No	 foxes	were	




Each	detected	 animal	was	 recorded,	 and	 its	 distance	 and	 azimuth	
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from	 the	 sampling	 point	was	measured	 using	 a	 laser	 range	 finder	

















for	m	=	20,	 from	 4.3	 (δ:	 0)	 to	 4.24(δ:	 1).	 The	 RMSE	 indicates	 that	
the	 best	 estimator	 for	 the	 population	 size	 for	m	=	5	 is	 the	mode.	
The	RMSE	 for	mean	 is	 lower	 for	 a	higher	number	of	marked	 indi‐







traps	 (8.98	 captures/100	 camera‐days)	 with	 32	 events	 of	marked	
individuals,	but	only	 two	 individuals	 resighted	and	 identified	 in	six	
events,	and	87	events	of	unmarked	individuals.	Were	obtained	4,229	
GPS	locations	from	six	individuals.
We	marked	 five	 individuals	 in	 Los	Pilones	over	545	 trap‐days:	
1.1	captures/100	trap‐days.	In	the	resighting	process	(862	camera‐
days),	 we	 had	 124	 capture	 events	 with	 camera‐traps	 (14.39	 cap‐
tures/100	camera‐days)	with	111	events	of	marked	individuals;	102	
events	 corresponded	 to	 identified	 individuals.	We	 had	 83	 events	
with	readable	marks	and	19	events	with	unreadable	marks,	but	with	











(1.04–2.31)	 and	 0.28	 (0.18–0.27)	 individuals/km2	 were	 obtained	






3.4 | Test of results using distance sampling
Our	five	temporal	replicates	of	transects,	with	no	evidence	of	tem‐
porary	emigration	between	counts,	were	simply	replicated	counts,	
and	 consequently,	 we	 stacked	 the	 data	 replication	 for	 analysis	
(Flockhart,	 Norris,	 &	 Coe,	 2016)	 to	 reduce	 variation	 in	 estimat‐
ing	the	population	size.	We	estimated	a	density	of	1.3	 (0.57–2.03)	
individuals/km2	 in	 La	 Nava	 using	 distance	 sampling	 methodology	
(Supporting	Information	Appendix	S6).
TA B L E  1  Posterior	mean,	median,	mode,	and	coverage	rates	for	the	95%	highest	posterior	density	(HPD)	interval	for	simulations	from	a	
population	of	N	=	50	individuals	in	which	m ∈	{5,	10,	15,	20}	were	marked.	δ:	identification	rate.	Fifty	simulations	of	each	case	were	
conducted
Ind. Marked δ Mean RMSE Median RMSE Mode RMSE Coverage
m = 5 0.00 50.06 8.41 49.22 8.25 47.54 8.46 0.98
0.50 50.62 8.46 49.80 8.32 48.29 8.02 0.98
1.00 50.95 8.63 50.03 8.37 48.38 8.16 0.98
m = 10 0.00 49.10 7.37 48.60 7.35 47.63 7.62 1.00
0.50 49.42 7.29 48.86 7.32 47.98 7.49 1.00
1.00 49.39 7.28 48.89 7.30 48.08 7.32 1.00
m = 15 0.00 48.14 5.69 47.70 5.83 46.87 6.23 0.98
0.50 48.34 5.60 47.92 5.71 47.22 6.12 0.98
1.00 48.32 5.57 47.86 5.78 47.12 6.14 0.98
m = 20 0.00 49.12 4.30 48.70 4.42 48.70 4.46 1.00
0.50 49.19 4.25 48.82 4.25 48.82 4.67 1.00
1.00 49.19 4.24 48.79 4.33 48.09 4.57 1.00
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The	 bootstrap	 p‐values	 for	 the	 best‐fitting	model	 based	 on	
the	 SSE,	 Freeman‐Tukey,	 and	 Chi‐square	 statistics	 were	 0.42,	







ulation	 and	 later	 collecting	 data	 from	both	marked	 and	 unmarked	
individuals.






























Our	 simulation	 study	 demonstrated	 that	 posterior	 precision	











sampling.	 Using	 the	 Gen‐SMR‐ID	model,	 the	 population	 size	 esti‐
mates	are	almost	the	same	with	or	without	individual	identification	
(Table	2	and	Supporting	Information	Appendix	S5),	for	both	the	high‐
density	 case,	 with	 a	 posterior	 probability	 of	 identification	 	=	0.21	
(0.07–0.36)	(Table	1),	and	for	the	low‐density	case,	with	a	posterior	
Mean SD 2.50% 50% 97.50%
La	Nava
lam0.mark	(λ0.mark) 0.02 0.01 0.01 0.02 0.04
lam0.resight	(λ0.resight) 0.07 0.01 0.04 0.06 0.09
sigma	(σ) 0.43 0.00 0.42 0.43 0.44
psi	(ψ) 0.39 0.09 0.24 0.38 0.57
̂N 58.08 11.72 38.00 57.00 84.00
̂D 1.60 0.32 1.04 1.57 2.31
δ 0.21 0.07 0.09 0.20 0.36
Deviance 10,304.66 12.36 10,281.82 10,304.20 10,330.17
Los	Pilones
lam0.mark	(λ0.mark) 0.03 0.01 0.01 0.03 0.06
lam0.resight	(λ0.resight) 0.46 0.06 0.36 0.46 0.58
sigma	(σ) 0.53 0.01 0.52 0.53 0.55
psi	(ψ) 0.12 0.03 0.06 0.11 0.19
̂N 16.86 3.39 11.00 16.00 24.00
̂D 0.28 0.06 0.18 0.27 0.40
δ 0.91 0.03 0.85 0.91 0.96


















(Table	 2	 and	 Supporting	 Information	 Appendix	 S6)	 although	 the	






more	 common,	 scenario.	Overall,	 generating	 precise	 and	 accurate	
abundance	estimates	of	fox	populations	continues	to	be	challenging,	
and	thus	SMR	presents	a	useful	approach.
The	 negative	 relationship	 between	 the	 population	 sizes	 es‐
timated	 in	 the	 two	 study	 areas	 (1.60	 and	 0.28	foxes/km2	 in	 La	
Nava	 and	 Los	 Pilones,	 respectively),	 and	 the	 capture	 index	 (8.98	
and	 14.39	events/100	camera‐days),	 is	 notable.	 The	 higher	 cap‐
ture	 index	 in	Los	Pilones	may	be	 related	 to	 the	smaller	amount	of	
available	 food,	which	would	 exacerbate	 search	behavior,	 and	 thus	
the	number	of	camera‐trapping	events.	These	results	support	pre‐
vious	 studies	 calling	 attention	 to	 the	 risk	of	using	 raw	capture	 in‐
dices	 from	 camera‐trap	 data	 as	 a	 measure	 of	 relative	 abundance	
(Sollmann,	Mohamed,	Samejima,	&	Wilting,	2013).	They	highlight	the	
need	for	reliable	methods	for	density	estimation	of	cryptic	species,	
such	 as	 the	Gen‐SMR‐ID	model	 proposed	here.	Our	 study	 case	 is	










The	 results	 for	 fox	 density	 are	 consistent	with	 those	 of	 other	
authors	 in	Mediterranean	 areas.	 Sarmento	 et	 al.	 (2009)	 estimated	
densities	 of	 0.61	 (0.54–0.69)	 individuals/km2	 in	 Serra	 de	Malcata	
(Portugal)	 using	 nonspatial	 capture–recapture	 methods	 and	 iden‐








precision	when	 data	 are	 sparse	 and/or	 there	 are	 few	marked	 indi‐
viduals.	It	also	can	be	used	with	naturally	marked	populations,	using	
as	 a	 marked	 population	 the	 recognizable	 individuals	 in	 a	 previous	







m = 15 m = 20
m = 5 m = 10
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